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This study uses molecular approaches to investigate evidence of climate adaptation of a 
marine zooplankton species in the Arctic Ocean. Euphausiids (krill) are abundant and 
ecologically important members of the ocean ecosystems and play key roles in pelagic food 
webs. The specific goal is to analyze patterns of gene expression, which is measured as RNA 
concentration for all genes across the entire transcriptome and also for specific target genes of 
known function, for the euphausiid Thysanoessa longicaudata. Gene expression can reveal 
responses to thermal stress associated with exposure to temperatures outside the normal 
range for the species. Specimens of T. longicaudata were collected and flash frozen, to preserve 
RNA, from the relatively warmer waters in the Fram Strait, in Atlantic waters west of Svalbard, 
Norway, and from the colder waters north of Svalbard. First, the samples were sequenced for 
the DNA barcode region of mitochondrial cytochrome oxidase I (COI) to confirm species 
identification. RNA was extracted from individual specimens and prepared for sequencing. RNA 
sequencing provides a snapshot of gene expression in the organisms within their present 
conditions. Differential gene expression analysis (comparison of RNA concentration between 
specimens) indicates environmental stress responses and possible adaptation of the species to 
varying conditions, including temperature. Bioinformatics reveals the function of the selected 
genes (i.e., gene annotation), and genes with functional roles hypothesized to be important for 
thermal adaptation can be selected and analyzed for differential expression using quantitative 
PCR (qPCR). The Arctic Ocean is experiencing rapid climate change and evaluating the 
capabilities of key species to adapt may allow better prediction of their survival and ecosystem 













The Arctic Ocean 
 
 The Arctic Ocean is a tremendously dynamic location for investigation of adaptations 
within and among zooplankton populations. The organisms in this environment are vulnerable 
to fluctuations in seasonal ice cover and shifts in heat transport from other ocean basins; 
processes that are considerably threatened due to climate change (Gradinger, 1995; Walsh et 
al., 2011; Wassmann et al., 2011). Samples for this study were collected to capture an array of 
temperature conditions; from the comparatively warmer waters of Fram Strait and the colder 
conditions Svalbard North. Fram Strait represents one of the major gateways into the Arctic 
where large quantities of Atlantic heat, nutrients, phytoplankton and zooplankton enter the 
region through this two-way exchange pathway, in a complicated mixture of water masses. The 
Fram Strait is the only passage deep enough to allow for two-way exchange between the water 
masses (Figure 1) (Rudels, 2015). Time series data from 1948 to 2013 of Arctic environmental 
parameters indicate annual climatological trends of areal ice flux via Fram Strait to have 
increased by 15% which influences the total ice volume in the Arctic Ocean (Proshutinsky, 
2015). Such gradual, yet dramatic, shifts will alter the minimum ice extent over the Arctic 
Ocean, and in turn alter the nutrient and light delivery for annual phytoplankton production. 
Zooplankton are the energetic link between primary producers and organisms at higher trophic 
levels. Regime shifts in the Arctic Ocean will have cascading effects on the ecosystem as a 
whole (Beaugrand, 2004; Hooff & Peterson, 2006).  
 Climate change is bringing warm water conditions to regions that have not previously 
experienced any degree of thermal stress. Indicators of thermal stress such as Heat Shock 
Proteins (HSPs) have become powerful tools in gauging the health of an oceanic ecosystem 
(Moore & Folt, 1993). Investigating the degree of thermal stress in organisms such as 






The focus of this study is the euphausiid species Thysanoessa longicaudata. Euphausiids 
play critical roles in global marine food webs and make significant contributions to carbon 
sequestration rates by their excretion of fecal pellets (Turner, 2002). Thysanoessa is the 
dominant genus within the Barents Sea (Dalpadado & Skjoldal, 1996), another important 
connection point between the Arctic and Atlantic Ocean similar to the Fram Strait. Oceanic 
euphausiid Thysanoessa longicaudata are widespread in marine Arctic and Subarctic 
Figure 1: Bathymetric map of the Arctic Mediterranean Sea from Rudels  
2015, based on Jakobson et al., 2008.  
 
ecosystems, where their local abundance and biomass are comparable close relative 
Thysanoessa inermis (Zhukova et al., 2009). Figure 2 gives the geographic distribution of T. 





T. longicaudata undergo seasonal vertical migrations as rapid population increases are 
seen in the spring surface waters (Forsyth, 1966). T. longicaudata has been documented in high 
abundance in deeper waters south and southeast of the Svalbard Bank, and in the 
southwestern part of the Barents Sea (Dalpadado & Skjoldal, 1996). As a native species to the 
dynamic Arctic water, study of how these species cope with shifts in oceanic temperatures is 
vital to help predict their future survivability.  
 Previous studies of thermal adaptation of T. inermis indicate critical temperature limits 
that the species are able to tolerate (Huenerlage et al., 2015). HSP sequences were extracted 
from the transcriptome and monitored in response to various heat exposures; results showed 
that thermal stress took place before the species upper temperature limit was reached  
Figure 2: Geographic distribution of Thysanoessa longicaudata from 
MetaZooGene collected archive data (blue dots) and DNA barcodes (red 
stars). See https://metazoogene.org/atlas. 
(Huenerlage et al., 2016). This type of study provides background for a study such as this that 
seeks to add knowledge of species limits and adaptation abilities while utilizing molecular 
methods. Additional molecular resources are useful in contributing to a growing knowledge 
base on the temperature responses of northern krill (Blanco-Bercial & Maas, 2018). Molecular 
methods are incredibly powerful for investigating questions of adaptation and the field of 
zooplankton genomics seeks to build its capacity for inter-species comparison.  
   
RNA-Sequencing 
 RNA-Sequencing (RNA-Seq) has become a pervasive tool within molecular biology, 
significantly advancing our knowledge of genomic function. RNA-Seq allows for the 
quantification and identification of transcripts, or expressed genetic material. RNA is the 
intermediate form between genome and proteome, which gives it the unique signature of 
genetic expression for an organism and the modifications that occur due to adaptation. 
Quantification of transcripts can describe rates of over- or under-expression for particular 
genes, aiding in investigation of differential expression between treatments. Identification of 
the expressed material will indicate the specific genes and functions that are being utilized or 
suppressed within a given set of environmental conditions. RNA-Seq has the ability to zoom on 
very specific locations in order to examine transcription boundaries, to a single-base resolution 
(Wang et al., 2009). 
The general workflow for an RNA-Seq experiment includes: experimental design, RNA 
extraction and purification, cDNA synthesis, sequence adaptor-ligated library preparation, 
sequencing, and analysis (RNA-Seqlopedia). Sequencing depths can range from 10 to 30 million 
reads conducted on a high-throughput platform such as Illumina. Experimental design is a 
priority for RNA-Seq experiments to ensure sufficient statistical power, read depth, and 
biological relevance. Appendix 1 includes a general flowchart for RNA-Seq computational 
analyses (Conesa et al., 2016). This flowchart includes details on pre-, core-, and advanced-
analysis steps and challenges associated with those steps. 
 Following sequencing, raw reads will be examined using various quality control 
measures, normalization between samples, and then the reads will be aligned. There are 
multiple options for alignment based on the available resources for an experiment (Figure 3). If 
a well annotated genome or transcriptome (i.e. gene functions of transcripts are reliably 
known) is available, then mapping can result in successful transcript identification. However, 
this hinders discovery of novel transcripts, as unannotated regions will not be able to be aligned 
(Conesa et al., 2016). Transcript quantification is possible without a reference by combining 
transcripts into longer contigs to generate a transcriptome and then mapping the transcripts 
back to this source. Transcripts with higher expression will have higher read counts.  
 There is still tremendous room for variability between RNA-Seq studies and 
transcriptome generation due to the technology, which is still rapidly evolving (Wolf, 2013; 
Stark, 2019).  
 The purpose of this study is to initially establish levels of differential expression between 
individuals from contrasting temperature conditions. Upon further investigation, identifying 
specific genes and mechanisms by which these critical zooplankton are adapting to different 




Figure 3: rRad read mapping and transcript identification strategies. A.) If an annotated genome 
is available. B.) If a reference transcriptome is available, however limits novel transcript 
discovery. C.) If no reference is available and de novo assembly is used to generate contigs. 
(From Conesa et al., 2016).  
Methods 
Samples of Thysanoessa longicaudata were collected at numerous stations over the 
course of two RV Helmer Hanssen oceanographic cruises by the Norwegian project, SI Arctic, in 
2014 and 2015 (Figure 4). Living specimens of the target species were taxonomically identified, 




The ultimate goal for a completed sample set is to achieve RNA-Sequencing for 40 
samples from each year, 20 samples from each condition, warm and cold. At the current stage 
of the project, only samples from the year 2014 have been addressed. Table 1 indicates sample 
information for the completed RNA extractions thus far. Temperature and salinity plots were 
used to assist in station selection (Figure 5). Station 542 provided the warmest waters while 
Stations 564 & 567 showed similar slightly cooler temperature conditions.  





















RNA Extraction  
Total RNA was extracted from individuals using the AurumTM Total RNA Fatty and 
Fibrous Tissue Kit (Bio-Rad). A tissue portion of each sample was cut, in liquid nitrogen to 
prevent thawing, and preserved separately at -80˚C for the purposes of DNA barcoding. Once 
PureZOLTM RNA isolation reagent was added to each specimen, samples were homogenized for 
20 seconds at a time and immediately chilled to prevent overheating. Samples were frozen at -
80˚C for at least 1 hour and then thawed using a heat block at 25˚C to ensure complete cell 
lysis, forming the lysate. Once thawed, samples were incubated at room temperature for 5 
minutes to allow complete dissociation of nucleoprotein complexes. After a centrifuge spin for 
Figure 5: Temperature and salinity plots for HH2014 cruise at each station. 
Samples presented here are from Sta0542, Sta0564, and Sta0567 
10 minutes at 4˚C, chloroform was added to the lysate, shaken vigorously for 15 seconds, 
incubated at room temperature for 5 minutes with periodic mixing, and then centrifuged for 15 
minutes at 4˚C. An interphase layer formed (white layer of DNA) in between the top RNA 
portion and bottom protein portion. Each portion was carefully isolated with a pipettor and 
individually labeled, DNA and protein portions were preserved on ice and frozen at -80˚C later. 
The RNA layer was then passed through a number of spin cycles with wash solutions before the 
final product was eluted from the sample. The concentration of extracted RNA was quantified 
using Take3TM micro-volume plate attachment of EpochTM Microplate Reader, and Gen5 





Condition Station # Sample # Date Gear Depth (m)
Warm - Fram Strait 542 97 21-Aug-14 MIK 0 - 472
Warm - Fram Strait 542 98 21-Aug-14 MIK 0 - 472
Warm - Fram Strait 542 101 21-Aug-14 MIK 0 - 472
Warm - Fram Strait 542 102 21-Aug-14 MIK 0 - 472
Warm - Fram Strait 542 105 21-Aug-14 MIK 0 - 472
Warm - Fram Strait 542 106 21-Aug-14 MIK 0 - 472
Warm - Fram Strait 542 109 21-Aug-14 MIK 0 - 472
Warm - Fram Strait 542 111 21-Aug-14 MIK 0 - 472
Warm - Fram Strait 542 112 21-Aug-14 MIK 0 - 472
Warm - Fram Strait 542 113 21-Aug-14 MIK 0 - 472
Cold - Arctic 564 319 29-Aug-14 Juday (2) 0 - 290
Cold - Arctic 564 321 29-Aug-14 Juday (2) 0 - 290
Cold - Arctic 564 322 29-Aug-14 Juday (2) 0 - 290
Cold - Arctic 567 330 29-Aug-14 Juday (2) 0 - 741
Cold - Arctic 567 332 29-Aug-14 Juday (2) 0 - 741
Cold - Arctic 567 334 29-Aug-14 Juday (2) 0 - 741
Cold - Arctic 567 335 29-Aug-14 Juday (2) 0 - 741
Cold - Arctic 567 336 29-Aug-14 Juday (2) 0 - 741
Cold - Arctic 567 337 29-Aug-14 Juday (2) 0 - 741
Cold - Arctic 567 338 29-Aug-14 Juday (2) 0 - 741






 DNA extractions were performed on tissue cut from flash frozen samples using Qiagen 
DNeasy Blood and Tissue Kit. Samples were taken from -80˚C storage and placed in Buffer ATL 
with Proteinase K, vortexed, and placed in a 56˚C water bath until cells were completely lysed. 
Once lysed the sample was washed and spun with a series of buffers in a DNeasy Mini spin 
column placed in a 2ml tube. Final DNA sample was eluted to a volume of 200 microliters. Table 
2 includes DNA concentration quantified using Qubit Fluorometric Quantification.  
 Following extraction, a fragment of mitochondrial cytochrome oxidase subunit I (COI) 
gene was amplified using two standard primers (Folmer et al., 1994):  
LCO-1490 5ʹ-GGT CAA CAA ATC ATA AAG ATA TTG G-3ʹ 
HCO-2198 5ʹ-TAA ACT TCA GGG TGA CCA AAA AAT CA-3ʹ 
Table 2: RNA and DNA concentrations for samples from HH2014. Sample 322 did not have 
sufficient tissue for DNA extraction.  
Condition Sample # RNA Conc. (ng/µL) DNA Conc. (ng/µL)
Warm - Fram Strait 97 197.060 9.64
Warm - Fram Strait 98 140.053 1.00
Warm - Fram Strait 101 225.172 8.26
Warm - Fram Strait 102 208.384 5.82
Warm - Fram Strait 105 131.051 3.92
Warm - Fram Strait 106 135.653 2.02
Warm - Fram Strait 109 230.388 6.52
Warm - Fram Strait 111 108.202 5.42
Warm - Fram Strait 112 157.785 4.44
Warm - Fram Strait 113 95.915 7.86
Cold - Arctic 319 252.175 6.34
Cold - Arctic 321 47.748 4.22
Cold - Arctic 322 90.061 ----
Cold - Arctic 330 138.251 5.58
Cold - Arctic 332 138.970 5.80
Cold - Arctic 334 118.149 5.50
Cold - Arctic 335 142.232 8.26
Cold - Arctic 336 167.655 5.86
Cold - Arctic 337 167.248 5.12
Cold - Arctic 338 114.596 5.34
Amplification was done using the PCR protocol 94 °C for 1 min, 45 °C for 2 min, and 72 °C for 
3 min, for 35 cycles. Samples were visualized using an electrophoresis gel before being 
submitted for sequencing through EuroFins Genomics.  
 
Discussion 
 The completed samples for this project are only a portion of the larger dataset that will 
be analyzed to yield statistically valuable data for future evaluation. In combination with data 
resulting from a preliminary run of RNA-Seq on samples from a number of years ago, the 
resulting RNA yield and quality from the samples described here are promising for future 
completion of this project. Potential future routes for exploration of data could be to use the 
transcript information from RNA-Seq for selection of target genes responsible to examine 
temperature adaptation using Quantitative PCR (qPCR). With greater sequencing depth a 
reference transcriptome could potentially be achieved.  
 It is vital to supplement taxonomic species classification with DNA sequences to ensure 
accurate species identification (Bucklin et al., 2010). The number of qualified taxonomists in the 
world is dwindling which makes it even more urgent that accurate barcodes are assigned to all 
zooplankton species while the expertise is still available. The COI region has proven successful 
at identifying euphausiid species and can aid in expediting sample analysis (Bucklin et al., 2007). 
All samples were barcoded for the ~650 base pair COI region to confirm species identification 
for specimens used for the generation of RNA sequences. 
 The number of well annotated transcriptomes holoplanktonic zooplankton is quite small 
compared to the large project strides that have been made for publicly available phytoplankton 
transcriptomes. As technology continues to advance, it is imperative to use these resources for 
the further advancement of our understanding of zooplankton ecology and physiology. Working 
towards the goal of generating a reliable collection of reference transcriptomes for metazoan 
plankton species will vastly expand the breadth of global studies of connectivity (Lenz et al., 
2021). Studies such as this one have the support of similarly aimed previous studies while also 




Abbreviations: ChIP-seq Chromatin immunoprecipitation sequencing, eQTL Expression 
quantitative loci, FPKM Fragments per kilobase of exon model per million mapped 
reads, GSEA Gene set enrichment analysis, PCA Principal component analysis, RPKM Reads per 
kilobase of exon model per million reads, sQTL Splicing quantitative trait loci, TFTranscription 
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